1997). Moreover, the weed control efficacy was improved by 28% by extending the growth period by about 8 weeks (Anugroho et al. 2009 ). Cover crop fertilization can increase its biomass and achieve an enhanced weed control efficacy (Reiter et al. 2008) . Vos and Van der Putten (1997) reported an increased Brassica ssp. cover crop biomass and nitrogen accumulation up to 60% and 124% after nitrogen fertilization. Additionally, nitrogen fertilization may increase biochemical weed suppression due to higher glucosinolate production (Gustine and Jung 1985) . Yet, there is a lack of research concerning the performance of coated oilseed radish seeds and the effective prolongation of the vegetation period linked with a higher field weed suppression. Moreover, the optimum seeding time of cover crops is still undetermined.
The aim of this two-year field experiment was to investigate the weed suppressive ability of Raphanus sativus var. oleiformis as a cover crop at five different sowing dates. The study investigated the optimum sowing date to enhance the weed control efficacy within the field. Furthermore, the performance of coated oilseed radish seeds concerning their suitability to weed suppression was tested. Additionally, the influence of fertilization on cover crop and weed growth was measured. In order to achieve the above-mentioned goals, the following hypotheses were investigated: (i) Early sown oilseed radish cover crop suppresses weed biomass and density more effectively, compared to conventional sown oilseed radish; (ii) cover crop fertilization increases oilseed radish biomass and consequently leads to reduced weeds, and (iii) an optimum sowing date of oilseed radish can be established for an optimum weed control during yearly changing weather conditions.
MATERIAL AND METHODS
Experimental set-up and meteorological conditions. The experiments were carried out over a 2-year period (2015 and 2016) at the Ihinger Hof location (48.74°N, 8.92°E, 475 m a.s.l.) of the Hohenheim University in southern Germany. The soil type was classified as a loam on subsoil clay. Soil tests indicated 2.3% organic matter and pH-value of 7.5.
The yearly average air temperature was 10.1°C in 2015 and 9.1°C in 2016. The average air temperature during the experiments (July-November) was generally higher in 2015 (13.8°C) compared to 2016 (12.8°C) ( Table 1) . Annual precipitation total was 545 mm and 647 mm in 2015 and 2016, respectively. The total precipitation across the experimental period varied between 2015 (226 mm) and 2016 (247 mm). The water balance (ΔΘ) was calculated as: ΔΘ = P -ET -S and describes the changes of the soil water content, where P is the precipitation, ET is the evapotranspiration and S is the streamflow (Stahr et al. 2016) . The monthly water balance tended to be higher during the cover crop vegetation period in 2015. The low water balance and high precipitation, from July-August in 2016, is an indicator of a very heterogenic distribution of the precipitations with water losses due to high evapotranspiration and/or streamflow.
In the previous years, winter wheat cv. Pamier was cultivated with 190 kg N/ha and 300 g, 100 g and 0. Vol. 63, 2017, No. 2: 82-88 doi: 10.17221/1/2017-PSE wheat straw was chopped by the harvester and left on the field. Experimental treatments were: (i) five different sowing dates of oilseed radish cover crop (Table 2 ) and (ii) two levels of nitrogen fertilization (0 and 45 kg N/ha). The experiments were arranged in a randomized complete block design replicated four times with a plot size of 30 m 2 . For the two treatments, where oilseed radish was sown before the winter wheat harvest (3 WBH and 5 WBH), oilseed radish cv. Farmer was sown in the pre-existing winter wheat crop with 25 kg/ha of coated seeds (149 seeds/m 2 ) (Feldsaaten Freudenberger, Krefeld, Germany) with a pneumatic fertilizer spreader (Aero, Rauch Landmaschinen GmbH, Sinzheim, Germany). The oilseed radish coat consisted of different layers containing humic acid, lime, plant strengthening agents and protection layers. Coated oilseed radish seeds were developed to allow an optimum cover crop emergence and growth. The increased seed weight compared to conventional seeds allows an increased flight distance and more homogeneous sowing, while sowing with a pneumatic fertilizer. The included humic acids, plant strengthening agents (Biplantol®), lime for the pH regulation and the increased water storage can improve the oilseed radish germination and development. For treatments sown at harvest (H), one (1 WAH) and three (3 WAH) weeks after harvest, a flat stubble cultivation (4 cm) (Dyna Drive, Bomford, Worcestershire, UK) was performed prior to sowing. Then uncoated oilseed radish cv. Farmer was sown in 2 cm depth with 25 kg seeds/ha (198 seeds/m 2 ) with a pneumatic sowing machine (D82, Agrarmarkt Deppe GmbH, Bad L auterberg , G ermany). Calcium-ammonium-nitrate (27% N, 2% S) fertilizer was applied in half of the plots (Aero, Rauch Landmaschinen GmbH, Sinzheim, Germany) at cover crop sowing dates with 45 kg N/ha (N45). Two controls with no cover crop sowing (NCC) and fertilization (N0) were included. Data analysis. In order to evaluate the effect of the experiment, a linear mixed effect model was used. The analysis was performed with the statistic program R version 3.0.2 (R Core Team 2016). Years, replications (nested within years) and all interactions between these variables were considered as random effects. Considering years as environmental or random effects permits conclusions about treatments to be made over a range of environments (Carmer et al. 1989) . Prior to analysis, data were visually checked for normal distribution and homogeneity of variance. An analysis of variance (ANOVA) was performed at P ≤ 0.05. Differences were evaluated using the Tukey's honest significant differences test at P = 0.05.
RESULTS AND DISCUSSION
Oilseed radish and weed dr y biomass. In 2015, oilseed radish biomass ranged from 5.6 to 4083.2 kg/ha measured at 7 WAH and 12 WAH (Table 3 ). The highest crop biomass was achieved in treatment 1 WAH at 7 WAH (100 kg/ha) and 12 WAH (3069 kg/ha), respectively. The highest weed biomass was measured in treatment NCC (73 kg/ha) and treatments 5 WBH (81 kg/ha) and 3 WBH (163 kg/ha) at 7 WAH and 12 WAH. The highest weed control efficacy was achieved by Reversed oilseed radish biomass was measured among all sowing treatments in 2015 compared to 2016. In 2015, the highest biomass was measured in treatment 1 WAH compared to 5 WBH and 3 WBH in 2016. This could be contributed to insufficient precipitation, which resulted in unfavourable field conditions for cover crop germination and growth at the early beginning (Table 1 ). The lower precipitation (-55%) with higher mean temperature (+11%) in 2015 during the vegetation period of treatments 5 WBH and 3 WBH led to lower oilseed radish germination, which resulted in a reduced biomass production in 2015 compared to 2016. Kruidhof et al. (2008) demonstrated that an early light interception accumulation has a negative correlation with weed biomass compared during the cover crop vegetation period. Especially in 2016, the treatments 5 WBH and 3 WBH provided high weed suppression, due to the early sowing and fast oilseed radish development under favorable field conditions. Moreover, the similar oilseed radish biomass in treatments 5 WBH (2238 kg/ha) and H (2081 kg/ha) showed different weed control efficacies at 12 WAH, which can be attributed to an earlier light interception due to a faster soil coverage and weed shading. After wheat harvest, the stubble area was already covered with the cover crop. This growth advantage compared to Lowercase letters are used to compare the oilseed radish and weed biomass among the different treatments and the uppercase letters are used to compare the oilseed radish and weed biomass between the two fertilization levels (N0, N45). Means with identical letters within the table do not differ significantly based on the Tukey's HSD (honest significant difference) test (P < 0.05); NCC -no cover crop; WBH -weeks before harvest; H -harvest weeds led to higher weed suppression, especially in the pre-harvest treatments (5 WBH and 3 WBH) in 2016. It was found a linear relationship between weed and cover crop biomass in 2015 (Table 4 ). In the following year, no significant correlation was calculated at 7 WAH and 12 WAH without fertilization, which is in line with the results of Hodgdon et al. (2016) . Further, it was observed a linear relationship between weed biomass and density in 2016 (R 2 = 0.4406, P ≤ 0.05), however this relationship was much weaker and not significant in 2015 (R 2 = 0.2522). It is assumed that the competition of the weeds with the cover crop biomass played a major role in weed biomass suppression in 2015. In 2016, weed emergence, which illustrates weed density, was highly suppressed by the cover crop and consequently reduced the weed biomass. Beside competitive effects of oilseed radish on the overall weed suppression, the family of Brassicaceae is well documented for the active and passive release of allelochemicals, as isothiocyanates, in the environment (Haramoto and Gallandt 2004) . In other studies, cover crops inhibited weed biomass by more than 80%, due to competitive and biochemical effects (Lawley et al. 2011 , Silva 2014 , Rueda-Ayala et al. 2015 . A significant reduction of weed biomass of up to 97% was observed by radish cover crops in fall in different studies (Stivers-Young 1998 , Hodgdon et al. 2016 . Kruidhof et al. (2008) measured similar weed biomass reductions of 80% and 86% at 7 and 12 weeks after sowing. In this experiment, no weed seed production could be observed until the mulching of the cover crops. Therefore, the weeds offer several ecological benefits within the field as pest control (Frank and Barone 1999) , improving soil nutrient cycle by arbuscular mycorrhizal fungi (Vatovec et al. 2005 ) and the reduction in soil loss and runoff (Pannkuk et al. 1997) .
Weed density. The weed density varied between 9 and 202 plants/m 2 across the experimental years 2015 and 2016. In 2015, the highest weed density reduction of the monocotyledons, dicotyledons and volunteer wheat was observed in treatments H and 1 WAH with 72, 65, 69 and 83, 86, 80%, respectively, compared to NCC across both measurement dates and fertilization levels (Figure 1 ).
In the following year, the weed density was reduced by all treatments compared to the untreated control. The most effective weed control efficacy was achieved by treatments 3 WBH and 5 WBH with up to 91, 84, 83 and 86, 90, 85% on monocotyledons, dicotyledons and volunteer wheat compared to NCC at 12 WAH, respectively (Figure 2) . Effective weed density reductions by fall-sown cover crops of up to 42-68% were demonstrated by several similar studies (Silva 2014 Brust et al. (2014) reported weed density suppression by 98% after oilseed radish cultivation. Fertilization effects. In both years, there was no significant interaction between the factors fertilization and sowing date on cover crop and weed biomass and weed density. Cover crop fertilization did not demonstrate any changes on oilseed radish and weed biomass 7 WAH and 12 WAH in 2015 (Table 3 ). The low effects of the fertilization can be attributed to exceptional weather conditions in 2015 with low precipitation during the experimental period (Table 1) . Water shortage and the C:N ratio increased by wheat straw decomposition can decrease nitrogen availability for cover crop plants within the field (Hu et al. 1997, Borken and Matzner 2009) . Furthermore, an increased duration and intensity of drought are associated with a decreased N mineralization into the soil (Borken and Matzner 2009, Bloor and Bardgett 2012) .
In the following year, the oilseed radish biomass was significantly increased by 54, 41 and 218% in treatments 5 WBH, 3 WBH and 3 WAH, respectively, at 12 WAH due to fertilization. The soil sample observation measured an N min content of 20.9 kg N/ha (0-90 cm) at the beginning of the experiment. The increased biomass can be attributed to the missing soil nutrients after 7 WAH. No differences were detected for weed biomass between N0 and N45 at 7 WAH and 12 WAH. Furthermore, higher nutrient uptake efficacy and the influence of allelopathic compounds by cover crops can lead to lower effects of fertilization on weed growth (Jabran et al. 2015) . However, Mazzoncini et al. (2011) observed a significantly increased cover crop and weed biomass by 17% and 75% compared to the untreated control.
The fertilization of the oilseed radish revealed insignificant changes in weed density in both years, which is in line with the results of Swanton et al. (1999) . However, Yin et al. (2006) reported a decreased weed density due to the application of different nitrogen fertilizers. Similar results were found in the study of Carson and Peterson (1990) who found that the weed density is less influenced than the weed biomass within the field. Different weeds are able to compensate a constant or reduced weed density by higher biomass production per plant.
This study assumes that the weed suppressive ability of coated oilseed radish cover crops depends on sufficient precipitation for germination and growth. Further studies should be conducted to proof the influence of the soil water availability on cover crop and weed biomass accumulation. An early cover crop sowing can provide higher cover crop biomass and increased weed control efficacy as observed in 2016. The use of coated cover crops combined with a pre-harvest sowing can prolong the cover crop vegetation period in the field, reduce the workload peaks during and after winter wheat harvest and suppress weeds more effectively compared to conventionally sown cover crops. More research with further coated cover crops needs to be conducted to investigate the full potential of a prolonged cover crop vegetation period. 
